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ABSTRACT The active Hayward fault has a Quaternary geologic slip rate of

In order to better understand mechanisms of active faults, we ; 9 mm/yr. The main surface trace, which is within the long-term fault
studied relationships between fault behavior and rock units along zone, is creeping along most of its length; &8.5£6 mm/yr, excluding
the Hayward fault using a three-dimensional geologic map. The high creep rates at Fremont (Lienkaemper et al., 2001). The hills east
three-dimensional mapBconstructed from hypocenters, potential of the fault are rising, locally as fast as 1.5 mm/yr since 20 ka (Gil-
®eld data, and surface map databprovided a geologic map of each more, 1992; Kelson and Simpson, 1995; Lienkaemper and Borchardt,
fault surface, showing rock units on either side of the fault trun- 1996), suggesting that the active fault includes a reverse component.
cated by the fault. The two fault-surface maps were superimposed Both the geologic units truncated and the fault character, including
to create a rock-rock juxtaposition map. The three maps were com- Seismicity, creep rate, and fault dip, vary along the length of the Hay-
pared with seismicity, including aseismic patches, surface creep, Ward fault. To understand the role of geology, speci®cally the three-
and fault dip along the fault, by using visualization software to dimensional (3-D) distribution of materials and structures surrounding
explore three-dimensional relationships. Fault behavior appears to the fault, we generated the ®rst 3-D geologic map of the Hayward fault
be correlated to the fault-surface maps, but not to the rock-rock and its adjacent rock bodies. From that we derived geologic maps of
juxtaposition map, suggesting that properties of individual wall- the fault faces, as well as a rock-on-rock map of the juxtapositions
rock units, including rock strength, play an important role in fault ~ &Cross the fault. We _dls_cuss_ co_rrelatlons of _the derived maps with fault
behavior. Although preliminary, these results suggest that any at- behavior and potential implications for studies of faults in general.
tempt to understand the detailed distribution of earthquakes or
creep along a fault should include consideration of the rock types
that abut the fault surface, including the incorporation of obser-
vations of physical properties of the rock bodies that intersect the
fault at depth.

3-D GEOLOGIC MODEL AND GEOLOGIC MAPS OF THE
FAULT FACES
A 3-D geologic map (Fig. 2) was assembled using EarthVision, a
3-D modeling package. EarthVision uses faults to subdivide a study
volume into fault blocks, which can be further subdivided into strati-
raphic units with depositional surfaces. The methods used to generate

Keywords: Hayward fault, three-dimensional model, geologic ma ault and depositional surfaces are described in the following.

faults, faulting, creep, relocated hypocenters.

Hypocenters
INTRODUCTION The primary active fault surface was derived from the mapped
The Hayward fault (Fig. 1), part of the San Andreas fault systergurface trace of the Hayward fault (Lienkaemper, 1992) and double-
roughly bisects the San Francisco Bay region, a densely populated &fi¢f@rence relocated earthquake hypocenters by manually ®tting a
of about seven million people. This fault, which generated a severelgwnward projection of the surface trace through the hypocenters on
damaging (M 6.8) earthquake in 1868, and its northern extension, tess sections oriented normal to the average fault trend and spaced
Rodgers Creek fault, are regarded as the most hazardous faults inZifsekm apart (Ponce et al., 2004). A 3-D surface was then constructed
San Francisco Bay area with a probability;027% for an earthquake through the cross-sectional traces and smoothed.
having M$ 6.7 over the next 30 yr (Working Group on California The relocated hypocenters are estimated to have relative location
Earthquake Probabilities, 2003). The high density of structures aadors of; 100 m horizontally and 250 m vertically, and potentially
lifelines along the Hayward fault make this a very dangerous fauthuch larger absolute location errors. Nevertheless, they represent the
with the highest potential earthquake loss in the region and possiblyst data set related to the shape and position of the active fault at
in the United States. depth available as we constructed the 3-D map. The surface Hayward
The Hayward fault is the active part of a broader zone of faulfault is a complex zone varying from perhaps a few hundred meters
; 1+5 km wide (Graymer et al., 1995) that forms the structural bountt several kilometers in width. However, at depth coseismic shearing
ary between the allochthonous Franciscan Complex rocks underlyimgfaults may be commonly restricted to zone$0 cm wide through-
the San Francisco Bay plain and the parautochthonous Coast Ramgfethe seismogenic zone (Sibson, 2003), so there a single plane may
ophiolite and Great Valley Sequence rocks underlying the East Bag a close approximation.
Hills. In the vicinity of the Hayward fault, the Franciscan Complex is
composed of several distinct tectonostratigraphic terranes that incliRtgential Field Data
bedded sandstone and shale, meld\nge, and metagraywacke (Blake ef 35 km stretch of the Hayward fault bisects a dense and magnetic
al., 2002; Graymer, 2000; Graymer et al., 2002a). The broad fault zapghiolitic body, much of it composed of gabbro. The subsurface extent
has accumulategd 100 km of right-lateral slip since 12 Ma (Graymerand orientation of the gabbro were derived in the 3-D geologic map
et al., 2002b). from analysis of gravity and aeromagnetic data (Ponce et al., 2003).
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r Figure 2. Oblique view of three-dimensional geologic map of Hay-
10 20 kim ward fault zone (water and sur®cial deposits removed) split open to
show fault faces (units as in Fig. 1; numeric scale on right is kilo-
meters measured from Point Pinole).
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is the active Hayward fault, followed by other faults within the Hay-
ward fault zone, and ®nally Mesozoic terrane-bounding faults.

' [ 0100 200km Structural blocks are further divided by depositional contacts. In
Dosem L the preliminary map the main contacts are at the base of Quaternary
wl N sur®cial deposits, too thin to show at the scale of the ®gures, and at
1?6%) the base of Cenozoic deposits. Structural blocks at the north end of the
NN ’ﬁ%’ map volume contain two additional contacts bounding the previously
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mentioned Tertiary volcanic body (Czv).
The intersection of the active Hayward fault with the adjacent

faults, contacts, and rock bodies was then used to produce geologic
San Jose s maps of the east and west faces of the Hayward fault (Figs. 3A, 3B).

v The two geologic maps of the fault faces were also superposed to show
rock units facing each other across the fault (Fig. 3D).

Figure 1. Location of study area and simple geologic map of Hay-
ward fault zone within outline of three-dimensional geologic model
(from Blake et al., 2002; Graymer, 2000; Graymer et al., 1996, 2002a;
Wentworth et al., 1998; thick lines represent faults, dotted where
concealed or inferred; Hayward fault in red).

CORRELATION WITH FAULT BEHAVIOR

Several correlations between the geologic maps of the fault faces
and fault behavior are observed (Figs. 3D+3G). The area of the west
face occupied by Franciscan meldnge (fsr) is characterized by much
less seismicity than the remainder of the fault (feature 1 in Fig. 3F).
The upper part of the active Hayward fault is within the gabbro bod¥here is a prominent cluster of seismicity around the contact between
with only ; 5 km of right-lateral offset (Graymer, 1999). Similarly, amé\lange and bedded sandstone (fn) in the western face of the fault,
Tertiary ma®c volcanic body was projected into the 3-D map voluna@d another two around the contact between gabbro (gh) and meta-
(Czv in Fig. 3A) from the outcrop area of the volcanic rock farthegraywacke (fyb) in the west face (Fig. 3F, features 2+4). There also is
north on the basis of its aeromagnetic signature and seismic re ect@ifourth cluster of seismicity near the contact between ophiolitic rocks
pro®les and geologic cross sections (Wright and Smith, 1992). Tleeo) and Upper Cretaceous sandstone and shale (Ku) (Fig. 3E, feature
upper traces of the contacts between some of the Franciscan ComplexThese relations suggest that seismicity correlates with rocks units
terranes, obscured by Quaternary deposits in the San Francisco Bay contacts on one side of the fault or the other, rather than rock
plain, were mapped on the basis of their gravity and magnetic sigmateractions across the fault.
tures. The 3-D distribution of low-density Cenozoic deposits was quan- Waldhauser and Ellsworth (2002) used gaps in seismicity along
titatively estimated by the inversion of gravity data (Jachens and Mahe active fault to de®ne locked patches at depth. The largest of the
ing, 1990), which generated a surface representing the top of ihéerred locked patches, along with two others (Fig. 3F, features 6+8),
Mesozoic basement for the southwestern half of the model. is adjacent to Franciscan metagraywacke (fyb) on the west face. Wald-

hauser and Ellsworth (2002) de®ned a fourth patch (Fig. 3E, feature

Geologic Data 9azxb) that does not correlate well with our maps. However, a signi®cant

The remainder of the 3-D geologic map is based on the projectioamber of hypocenters plot within their patch (part of the cluster near
of surface geologic map information into the subsurface. Geologderkeley, Fig. 3E, feature 5), which could divide the patch into two
units were generalized from Graymer (2000) on the basis of broachaller areas, one entirely adjacent to Upper Cretaceous sandstone and
associations of age and lithology. Subsidiary faults were projected irgioale (Ku; feature 9a) in the east face, the other (feature 9b) adjacent
the subsurface by applying a constant dip angle along their surfacegmthe metagraywacke (fyb) in the west face, like features 6+8.
concealed trace. Dip angles on some Franciscan terrane-bounding faults Over much of the fault length, surface creep rates are relatively
were extrapolated into the study area from observations to the nortimiform, with an average value of5.0 mm/yr and a range of 4.0+5.9
west, where Mesozoic rocks are better exposed. mm/yr (Fig. 3G, feature 10). An anomalously low creep rate &7

The 3-D map volume is divided by faults into 36 structural blockeam/yr occurs near Oakland (Fig. 3G, feature 11), where bedded sand-
based on a fault hierarchy derived from observed fault relationshigp®ne (fn) and metagraywacke (fyb) together make a salient toward the
and knowledge of recency of fault activity. The primary fault surfacsurface.
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Figure 3. Fault-surface
maps. Features dis-
cussed in text are num-
bered in black (features
1+13). A and B: East and
west faces of Hayward
fault (horizontal scale is
in kilometers measured
from Point Pinole; rela-
tively strong units are la-
beled in bold, weak units
in italics). C: Seismicity
(from Waldhauser and
Ellsworth, 2002; squares
are double-difference hy-
pocenters within 3 km of
fault surface; green lines
outline aseismic [possi-
bly locked] patches). D:
Rock-on-rock map with
seismicity, showing rock
types that are adjacent
and presumably sliding
past one another (®rst
unit 5 east face; second
unit 5 west face). Units
as in Figure 1. E: East
face geology with seis-
micity. F: West face ge-
ology with seismicity. G:
Distribution of creep rate
(Lienkaemper et al.,
2001). H: Variation in fault
dip (black line is average
fault dip; red line is av-
erage fault dip in upper 4
km).

As modeled, the Hayward fault varies in dip along strike (Fig. Rock strength may play an important role in determining fault
3H). Some changes in fault geometry correlate to changes in rock tygghavior. Laboratory measurements made on rock samples from the
along strike. For example, between Point Pinole and Berkeley, Cemtayward fault zone by Morrow and Lockner (2001) (Fig. 4A) are aug-
zoic sedimentary rocks (Czs) in the upper 4 km of the east face corented with ®eld observations by Ellen and Wentworth (1995) of hard-
relate with west dips in the upper 4 km of the fault in contrast to theess and fracture spacing, which may serve as a proxy for rock strength
steep east dip of the fault zone as a whole (Fig. 3H, feature 12). Tiheunits where direct measurements have not been made (Fig. 4B).
fault south of the gabbro (gb) is characterized by shallow dips in tAegether, these data indicate that the three weakest units in the 3-D
upper 4 km and steep dips below (Fig. 3H, feature 13). Thus, the 3gBologic map of the Hayward fault are Franciscan meldénge (fsr), al-
geometry of the fault surface may be affected by rock units adjaceaated rocks of the Coast Range ophiolite (cro), and Cenozoic sedimen-
to it. tary rocks (Czs), whereas the strongest include bedded sandstone (fn,
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Data Repository Item Graymeretal., p. 1

TABLE DR1. DETAILED DESCRIPTION OF ROCK UNIT TO FAULT BEHAVIOR RELATIONS

Relation Detailed description
number
#1 A distinctive drop in the amount of seismicity in the region where the west face is made up

of mélange (fsr) northwest of about the 5 km mark. This seismicity drop does not
correlate well with the east face because the unit at seismogenic depth there (Ku) is
continuous into an area of increased seismicity to the south

#2 Two small clusters of seismicity at the contact between bedded sandstone (fn) and
mélange in the west face. Note that seismicity is present above and below the
aseismic patch (#9a). We correlate the seismic cluster with the west face, but the
aseismic patch with the east face, suggesting the intersection may be an area of the
fault where rock properties on either side of the fault are promoting different behavior

#3 A large cluster of seismicity at the contact between gabbro (gb) and metagraywacke (fyb)
in the west face

#4 A cluster of seismicity at the contact between gabbro (gb) and metagraywacke (fyb) in the
west face
#5 A large cluster of seismicity at the contact between ophiolite (cro) and bedded sandstone

(Ku) in the east face. We suggest that this cluster divides the aseismic patch
proposed by Waldhauser and Ellsworth (2002) into two smaller patches (#9a and
#9b). Together with #2-4, these clusters suggest a concentration of strain at the
contact between rock units in one fault face or the other

#6-#9 Aseismic (possibly locked) patches of Waldhauser and Ellsworth (2002). We suggest that
their northernmost patch is subdivided by the seismic cluster near the 20 km mark
(#5) into two separate patches we label #9a and #9b. We correlate #6, #7, #8, and
#9b with the extent of metagraywacke (fyb) in the west face, and #9a with the extent
of bedded sandstone (Ku) in the east face. It would be possible to correlate #6 and
#7 with gabbro (gb), #8 with bedded sandstone (Ku), and #9b with ophiolite (cro) in
the east face, but taken together all four make a more appealing coherent correlation
with the west face. #9a does not correlate well with the west face as it crosses three
rock units

#10 Along most of the fault, the surface creep rate is relatively uniform at about 5 mm/yr. Note
that north of Point Pinole the fault is under the waters of San Pablo Bay, so surface
creep cannot be detected or measured. The anomalously high rates south of the 62
km mark have not been explained, although they correlate pretty well with fault
intersections in the east face

#11 A stretch of anomalously low creep rate between the 20-35 km marks is correlated with
the upward salient of metagraywacke (fyb) and bedded sandstone (fn) in the west
face

#12 The upper 4 km of the active fault dips west between about the 0-20 km marks, whereas

the fault as a whole dips steeply east. We correlate this with the presence of
Cenozoic sedimentary rocks (Czs) in the upper 4 km of the east face in that fault
stretch

#13 The upper 4 km of the active fault dips east as shallowly as 50° south of the 55 km mark,
whereas the fault as a whole dips steeply east. We correlate this with the southward
transition from gabbro (gb) on both sides of the fault in the upper 4 km







